Dye sensitized solar cell represents a promising method for the conversion of solar energy to electric energy. In the present work free N,N'-bis(salicylidene)ethylenediamine and its copper (II) complex were synthesized, characterized, and investigated for use as dye sensitizers in the fabrication of dye sensitized solar cells. The dyes were characterized using UV-Vis, Steady State Florescence, and Fluorescence Lifetime, Thermogravimetric Analysis, Differential Scanning Calorimetry, and Cyclic Voltammetry. The thermogravimetric analyses of the ligand and the ligand Copper complex demonstrate the stabilizing effect of the copper ion on the ligand complex. Additionally, the copper ion is shown to stabilize the structure, as evidenced by the 150˚C increase in the extrapolated onset temperature of the decomposition event. The ligand copper complex is further stabilized by the presence of the copper, which is determined by the 6.34% residue that remained at the end of the thermogravimetric analysis, compared with 0% residue when applying the same condition for the ligand without copper. The current-voltage characteristics of the cells and the electrochemical impedance were determined. The photovoltaic performance of the solar cell devices fabricated using N,N'-bis(salicylidene) ethylenediamine dye was found to be slightly better than those produced from the copper complex. The solar to electric power efficiency of the ligand-based dye sensitized solar cell was 0.14% and that of the copper complex was found to 0.12%. Although the difference in the cell efficiency is quite small, it is obvious that the insertion of Copper into the ligand did not enhance the perforHow to cite this paper:, Ghann, W., Sobhi, H., Kang, H., Chavez-Gil, T., Nesbitt, F. 
Introduction
Imines are uncharged compounds which contain a carbon-nitrogen double bond.
Molecules of this type are used as synthetic intermediates, and they are of interest as biologically important molecules [1] [2] [3] . For example, imines play an important role in the chemistry of vision and in amino acid metabolism [4] .
Imines also function as Lewis bases in coordination to metal ions. Imines are formed by condensation of a carbonyl compound with a primary amine. The synthesis and characterizations of imines are well documented in literature [5] .
Imines are useful in so many applications. They are very important for transition metal based catalytic reactions such as epoxidation of olefins, lactide polymerization, and hydroxylation. [5] Some investigators have reported the synthesis and use of N,N'-bis(salicylidene)ethylenediamine zinc(II) iodide as an electrolyte for dye sensitized solar cells (DSSCs) [6] . We were interested in the possible use of N,N'-bis(salicylidene)ethylenediamine as photosensitizer for dye sensitized solar cells owing to their absorption characteristics.
Dye sensitized solar cells are low-cost and easily fabricated type of photovoltaic devices which were first developed by Michael Gratzel [7] . There has been an exponential growth in research and an increase in the number of publications focused on the optimization and large-scale production of dye sensitized solar cells [8] - [14] . In DSSC, dye molecules adsorbed onto mesoporous titanium dioxide absorb incident light and move to the excited state where an electron is transferred into the conduction band of the titanium dioxide semiconductor.
The electron is subsequently transported through the titanium diode film through an external circuit to the cathode [13] . The TiO 2 has a large surface area that supports a great number of dye molecules and thus increase the amount of energy absorbed [15] [16] [17] [18] . The TiO 2 also receives electrons ejected from the dye and facilitates its transportation to an external circuit. Most of the dyes that have been used as sensitizers in the fabrication of dye sensitized solar cells are ruthenium (II) complexes [11] [19] [20] [21] [22] . We have carried out studies on the fabrication of dye sensitized solar cells using natural dyes [14] [23] [24] [25] and other synthetic dyes such as porphyrins, and phtalocyanine [26] [27] [28] [29] [30] . The synthesis, spectral, electrochemical, and photovoltaic properties of N,N'-bis(salicylidene)ethylenediamine (ligand) and its copper (II) complex (ligand Cu(II)) are discussed in the present work.
Experimental Section

Materials
Titanium dioxide powder (Degussa P25) was purchased from the institute of chemical education. Fluorine tin oxide (FTO) conducting glass slides were purchased from Harford glass company, Hartford City, Indiana. Sodium Hydroxide (NaOH), acetone (C 3 H 6 O), ethanol (C 2 H 5 OH), and acetic acid (CH 3 COOH) were purchased from Sigma-Aldrich and were used without further purification.
Graphite used in making cathode slides was purchased from TED PELLA, INC.
Steady-state absorption spectra of dyes in solution were acquired using UV-3600
Plus from Shimadzu. Steady-state fluorescence spectra were recorded on the fluorescence Nanolog Spectrofluorometer System from Horiba Scientific (FL3-22 iHR, Nanolog). ATR spectra were obtained with a Thermo Nicolet iS50 FTIR.
Electrochemistry determinations were collected in DMF solutions on a Princeton Applied Research VersaSTAT-3 potentiostate using a three-electrode cell unit. Transmission Electron Microscopy (TEM) images were acquired on JEM-1400 Plus (JEOL USA, Peabody, Massachusetts). The images were viewed using Digital Micrograph software (Gatan, Inc., Pleasanton, CA). HOMO and LUMO calculations were carried out using Spartan'16 software from Wavefunction, Inc., Irvine, CA, USA. TiO 2 paste was printed on FTO glass using WS-650 Series Spin Processor from Laurell Technologies Corporation.
Synthesis of Ligand
The ligand was synthesized according to the synthetic route displayed in Figure   1 . First, salicylaldehyde (20 mmol) was dissolved in 15 mL of methanol in a 25 mL round bottom flask. In a separate 25 ml flask, ethylene diamine (10 mmol) was dissolved in 10 ml methanol. The salicylaldehyde solution was added dropwise to the ethylene diamine solution while stirring (400 rpm) at room temperature for a period of 15 minutes. The precipitation of the product was observed by the formation of yellow precipitate, and was completed within 15 minutes.
Afterwards the reaction flask was placed in an ice water bath for 10 minutes followed by the filtration of the reaction mixture using a Hirsh funnel. The precipitate was washed with ice cold methanol and air dried to form light yellow flakes. The yield was 82.7% and the melting point was 126.8˚C. 
Synthesis of Ligand Cu (II)
The ligand Cu (II) was synthesized according to published protocol with little 
Fluorescence Lifetime Measurements
The dye samples were dissolved in 3 mL of ethanol for fluorescence lifetime measurement. To prevent inner filter effect, absorption measurements were carried out to ensure the absorbance of the dyes was less or equal to 0.15 absorbance unit. Fluorescence decays were measured using Horiba deltaflex fluorescence lifetime system using the time-correlated single-photon counting (TCSPC) technique with the PPD-850 picosecond photon detection module. The excitation source was 340 nm light-emitting diodes (Delta LED).
Thermal Analysis Experiments
The synthesized ligand and ligand Cu (II) were tested for their thermal stability the oven was first equilibrated at 25˚C, and ramp to 170˚C at a rate of 10˚C/min; this was followed by a second oven ramp to 170˚C at a rate of 10˚C/min in cycle II and final oven ramp to 170˚C at a rate of 10˚C/min in cycle III. The pans containing sample were subsequently left in the oven for 2 h at 15 kPa vacuum and immediately placed in desiccator under vacuum for another hour. Following this, the pans were removed from the desiccator and their weights determined.
Thermogravimetric Analysis
The Thermogravimetric Analyzer Model 55 (Discovery TGA, TA InstrumentsWaters LLC, and New Castle, DE) was used to measure the thermal stability of both bound and unbound N, N-Ethylene bis(Salicylidene aminato) ligand, and the ligand Cu (II). The samples were prepared by placing one drop of the material on to a pre-tared platinum TGA pan. The pan was placed onto the autoloading mechanism of the TGA, and an automated loading sequence was initiated. The sample was then placed into a furnace which heats the sample, while simultaneously measuring the mass of the sample every 0.5 s. The TG experimental conditions were Ramp 10˚C per minute to 700˚C in nitrogen gas. All TG experiments were performed using 30 -40 mg of each sample.
Cyclic Voltammetry
Electrochemical characterization of ligand and Cu (II) complexes were carried out in organic solutions using a one-compartment three-electrode cell equipped with a platinum disk working electrode (1.6 mm diameter) from Basi-Analytical 
Fabrication of Solar Cell
The solar cell devices were prepared according to a modified protocol [35] [36]
[37]. In brief, the photoanode was prepared by depositing a thin film of 
Photovoltaic Properties Measurement
The energy efficiencies of the fabricated DSSCs were measured using 150 W fully 
where FF is the fill factor, I sc is the short-circuit photocurrent density (mA•cm Table 3 .
Results and Discussion
UV-Vis Absorption Studies
The optical properties of the dyes were investigated using UV-Vis spectrometry.
The overall performance of a DSSC depends on the light harvesting capability of the dye sensitizer [15] [38] [39] . As illustrated in Figure 3 , two broad bands were observed in the spectra of the ligand occurring at 255 nm and 318 nm and assigned to π -π* transition [6] . An additional band at 406 nm accounting for n -π* transition is less prominent compared to the corresponding peak of the ligand Cu (II). The first broad band of ligand Cu (II) is similar to that of the li- 
Steady State Fluorescence Studies
Fluorescence spectra of the dyes employed in the fabrication of the DSSC were obtained in order to examine their emission characteristics. The fluorescence spectra of the ligand and ligand Cu (II) is displayed in Figure 4 . The measurement was carried out with an exciting light (λexc) of 320 nm. The emission patterns of both dyes were different, resembling that of the absorption in which the band of the ligand was very high. There is a slight blue shift in the peak of ligand Cu (II) with respect to ligand at the peak around 435 nm as well as at 340 nm.
The huge peak of the ligand at 435 with respect to the ligand Cu (II) is a reflection of the amount of energy first absorbed by the ligand and how it might be a better candidate as dye for dye sensitized solar cells.
Fluorescence Lifetime Measurements
The Lifetimes of the ligand and ligand Cu (II) were determined by time-correlated single photon counting in ethanol as illustrated in Figure 5 and Table 1 . served as the prompt was a scattering solution which did not contain any fluorophore.
FTIR Studies
IR studies were conducted on the ligand and ligand Cu (II) samples to examine changes in the spectra before and after the incorporation of copper in order to Figure 6 . The C-C-H stretching for the ligand is observed in the region of 3200 -2700 cm −1 and is assigned to intramolecular hydrogen bonds [6] .
After copper's coordination, the IR spectra is substantially modified due to the breaking of intramolecular hydrogen bonds and its substitution for the met- 
Thermogravimetric Analysis
Thermogravimetric analyses of the ligand and ligand Cu (II) illustrate the stabi- profile suggests an intermediary phase which is further stabilized by the presence of the copper ion. The 6% residue analysis is attributed to reduced copper.
Transmission Electron Microscopy Imaging
To confirm the adsorption of the ligand and ligand Cu (II) dyes on the TiO 2 nanoparticles, high-resolution images were taken via transmission electron microscopy. To take the TEM images ethyl alcohol solutions of the ligand and ligand Cu(II) were used to make colloidal suspension with TiO2 power. A drop of each suspension was placed on a TEM grid and allowed to dry in a hood overnight.
As shown in Figure 9 , the sizes of the anatase TiO 2 nanoparticles were found to be within the range of 20 -25 nm. The sizes of ligand molecules seen as spherical particles around the TiO 2 nanoparticles were determined to be within the range of 1 -3 nm (Figure 9(a) ), (the arrows in the images are guide to the dyes). 
Cyclic Voltammetry
The cyclic voltammogram of ligand in concentration of 1.2 μM (NbuN 4 ClO 4 /DMF) solution is illustrated in Figure 10 (a), and summarized in Table 2 input on the formation of inactive species generated during the first oxidation reaction as shows the enhanced amperometric values (see Table 2 ) for the second oxidation peak potential and the total decay of the reversible process. In addition, a deeply decreasing on the oxidation signal was observed after the first scan with a subsequently film deposition on the work's electrode surface, which leads to a complete color change in the solution as proof of dye decomposition during an electrochemistry induced electrons transfer reaction.
Upon coordination with metallic ions, the chromophore makes its oxidation reaction easier with its redox potentials shifted towards lower potential values.
The results of our experiments show that ligand as well as the Cu (II) complex undergoes a one electron transfer reaction with peak potential, E 1/2 = 0.48 V and E 1/2 = 0.21 V versus SHE in DMF (Figure 10(b) ) attributed to the Cu III /Cu II couple redox process [42] in a quasi-reversible one electron transfer as indicated by the peak current ratio, i a /i c which is close to unity (herein, 1.1) at the scan rates investigated (10 -50 mV•s −1
). The peak separation between the anodic and cathodic peak potentials, E pa -E pc , shows to be close to 0.53 V (one electron transfer), which is attributed to a reversible electrochemistry one electron transfer.
These values are in agreement with the theoretical value of 59 mV for a oneelectron transfer reaction, that for a reversible process the peak width is given by the difference in the thermodynamic relationship:
where E p/2 is the half-peak potential at the half value of the peak current, E p , is the peak potential, F is the Faraday constant and n is the number of electrons transferred during the reaction. The presence of copper ions coordinated as bis-(oxo and imine) units, makes the oxidation reaction of this complex easier than the ligand alone with the redox potentials shifted towards lower values as depicted in Figure 10 (b).
The redox reaction was slightly symmetric for one electron donating and withdrawing in the Cu (II) complex which showed a quasi-reversible behavior indicating that the material is moderately air stable. Some broadening occurred, however, due to uncompensated resistance. Thus, the diiminosalicylate macrocycle makes the electron transfer easier to oxidation due to the presence of metal ions in the complex instead of the irreversibility process observed on the single chromophore. One can conclude from these experiments, that the ligand alone is an electron donor/withdrawing chromophore and then, its bond stabilization energy is decreased after coordination by turning easier its redox reactions [43] .
This assumption is evidenced by the low shift potential that was found at E 1/2 = 1.01 V in the complex, whereas the same one electron transfer occurred at high potentials such as E 1/2 = 1.42 V on the free subtract. Therefore, the net change in the coordination energy between the ligand and the complex was found to be, ΔE 1/2 = 0.41 V versus SHE electrode.
Current-Voltage Characteristics
The photocurrent-photovoltage (I-V) performance of the ligand and ligand Cu (II) dye sensitized solar cell devices were assessed under simulated sunlight at AM 1.5 (100 mW•cm −2 ) and is displayed in Figure 11 . The parameters related to the cell performance such as the short circuit current (I sc ), open circuit voltage (V oc ), fill factor (FF) and Efficiency (η) are displayed in Table 3 
Electrochemical Impedance Spectroscopy
Solar cells fabricated using ligand and ligand Cu (II) were tested for kinetics and energetics of charge transport and recombination. Impedance measurements were carried out at frequencies between 0 and 100 KHz. Figure 12 (a) shows the Nyquist plots and Figure 12 (b), the Bode plot of the two samples which were Figure 11 . Photocurrent-voltage characteristics of dye sensitized solar cell devices under illumination of 100 mW/cm 2 simulated AM 1.5 sunlight. Devices fabricated using ligand Cu (II) and ligand. 
Density Functional Calculations for N,N'-Ethylene bis(Salicylidene Aminato) and It Copper Complex
Density functional calculations were used to optimize the geometry of the ligand and ligand Cu (II) using the software Spartan 16 from Wavefunction. All geometries were computed using the ωB97X-D density functional theory method.
Geometry optimization was performed using 6 -31G* basis set. These calculations were used to compute the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energies of the ligand as well as the highest occupied molecular orbitals (aHOMO), (bHOMO) and the lowest unoccupied molecular orbital (aLUMO), (bLUMO) energies of ligand Cu (II). 
Conclusion
We have synthesized a pair of Salicylidene aminato compounds, one with a copper metal and the other without a copper metal. The dyes were characterized The solar-to-electric conversion efficiency of the device fabricated with the ligand was 0.14% whereas the efficiency of that of the metal complex was 0.12%.
The photovoltaic result obtained is consistent with the UV-Vis measurement which presented a broader band in the absorption spectra of the ligand. Although the thermogravimetric analysis revealed that the incorporation of the copper metal enhanced the stability of the copper-ligand complex, the free hydroxyl groups on the ligand that enable the ligand to bind to the TiO 2 and thus facilitate electron transfer, are not present on the copper complex due to the 
